This molecular dynamics simulations study elucidates how water diffusion in MgCl 2 ·nH 2 O (n=4 and 6) is facilitated by defects and dopants. Both the impact of a single vacancy (one water molecule was removed) and an interstitial (one water molecule was added) on long range water motion has been investigated. Spontaneous vacancy-interstitial pair defect formation was not observed, which is in line with the predicted high energy costs for defect formation: 150 and 200 kJ/mol for the tetrahydrate and hexahydrate, respectively. The vacancy defects did not show long range mobility, which we relate to the strong bonding of water in the coordination shell of the Mg-ion that prevents water molecules from shifting to neighbouring magnesium ions. On the contrary, the addition of an extra water molecule, facilitates long range motion, which was found as a sequence of hopping events. The interstitial motion is anisotropic in both tetrahydrate and hexahydrate crystals, as interstitials preferentially reside at locations of unfavourable Cl-Cl interactions.
Introduction
To implement systems for harvesting thermal energy from solar irradiation and industrial processes, long term storage media are needed. Therefore, there is a renewed interest in exploring hydrates for heat storage. Interesting candidates for inexpensive, non-toxic materials of this kind are salt hydrates; i.e. CaCl 2 , MgSO 4 , MgCl 2 , Na 2 S, etc 1, 2, 3 . The transitions underpinning heat storage in these materials are (de)hydration reactions, illustrated below by the example of MgCl 2 .
The storage or release of heat ∆G happens during dehydration or hydration, respectively.
Several hydrates phases of MgCl 2 have been reported (n=0, 1, 2, 4, 6, 8, 12) that are stable at different combinations of temperature and water vapour pressure 4, 5, 6 . At room temperature and at significant water vapour pressure, the most stable phase is the hexahydrate (n=6).
Charging the material happens via dehydrating it to either the tetra-, di-or monohydrate (n=4, 2 and 1) at elevated temperatures. Note that complete dehydration should be avoided as it is accompanied by HCl outgassing 7 . The maximal heat storage/release is hence reached when a hexahydrate is transferred into a monohydrate, or vice versa, leading to a heat of ∆G = 2.79 GJ per cubic meter of the storage material 8 .
To make stable performing systems of MgCl 2 ·nH 2 O, challenges related to stability and kinetics arise. Mechanical stability has to be ensured over many loading/unloading cycles, as the transitions involve large volume changes, melting might happen and the risk of deliquescence exists. The other challenge is connected to the kinetics of the transitions, which limits the rate of loading/unloading. These transitions involve water exchange with the environment and water diffusion inside the crystal lattice. Fundamental understanding of water diffusion will therefore significantly facilitate technological solutions of heat storage by salt hydrates.
So far, little work has been done on long range water motion inside crystal lattices of salt hydrates in general, but also for MgCl 2 in particular. Despite the fact that many experimental studies on the water mobility in hydrates have been reported, all of them focus on local motions (rotations, vibrations, etc.) with techniques like NMR 9, 10, 11 or IR/Raman techniques 12 . The potential of Molecular Dynamics (MD) simulations have hardly been used for mechanistic studies of water hopping in salt hydrates. Only quite recently attempts have been reported to use MD to simulate dehydration of MgCl 2 and MgSO 4 nano-particles 13, 14 .
Despite the fact that the aforementioned studies report values for the water diffusion coefficient, the mechanisms of water diffusion through the crystal were not studied.
Furthermore, the reported values are much higher than one would expect for crystalline materials in general and hydrates in particular: i.e. approximately 10 -10 m 2 /s at 300 K for water in a magnesium chloride nanoparticle 14 . It might well be that the predicted fast diffusive motion is stress facilitated as the calculations were done on dehydrating nanoparticles.
In a previous study, we elucidated the performance of molecular mechanics models, i.e. force fields for MgCl 2 hydrates for characterizing water mobility in perfect single crystals 15 . The force fields correctly reproduce the structures for the mono-, tetra-, hexa-and dodecahydrate phase of MgCl 2 . Moreover, such models also allow the molecular dynamics simulation of water mobility mechanisms -which were identified as ring-like local motions of water molecules in the coordination shell of the Mg 2+ ions. However, even at elevated temperatures (up to 550 K) long range diffusion of water inside crystal on time scales of 10 -40 ns was not seen. It seemed that the magnesium-water bonding is so strong that water only can escape from the coordination shell on much longer time scales. This is in line with experiments on the hydration shell of magnesium ions in aqueous solutions -which have indeed shown that debonding happens on time scales of 2 µs at 25 o C 16 . This suggests that long range diffusion of water only can take place, when defects and/or stresses are present.
As water diffusion is a necessary element for (de)hydration processes, the aim of the present study is to understand the mechanisms of hydrate water migration. For this purpose, 
Methods

Force fields
Our molecular mechanics models are based on Lennard-Jones type potentials in combination with coulombic interactions. The interaction potential between the atoms of type i and j, is given hence by:
Where , and are distance between the two atoms and parameters that reflect the nature of the van-der-Walls interactions, respectively. Further, , and 0 are the partial charge of atom i, that of atom j and the dielectric permittivity of vacuum, respectively. Mixed parameters were created from the Lorentz-Berthelot rules as = � + � 2 ⁄ and = � , respectively. The force field of the MgCl 2 hydrate is fully adopted from our earlier study 15 , which is force field using the SPC (Single Point Charge) water model and optimized on the ion-oxygen distance (IOD) for the magnesium and chloride ions 17, 18 . For the Ca ion we used the IOD-optimized Lennard-Jones parameters from the aforementioned study 17 .
Simulation protocol
For the molecular dynamics simulations, we used the DL_POLY 1.9 Classic software 19 .
Periodic boundary conditions are applied to 8x6x5 and 6x8x10 supercell models of the tetra- Various kinds of defect structures were studied and compared with perfect single crystals.
Before sampling data was started, each structure was allowed to relax for at least 1 ns, ensuring that temperature and box size fluctuations were below 5 K and 0.2 Å, respectively.
For studying the long range mobility of water molecules runs of 14 ns (at 550 K) up to 80 ns (at 450 K) were performed.
As mentioned above, various defect structures have been studied. First of all, MgCl 2 crystals with a water vacancy were generated by removing a randomly chosen water molecule from the perfect single crystal. In case of the hexahydrate, this implies one of the magnesium ions was no longer six-fold but five-fold coordinated by water. In turn, for the tetrahydrate, we impose that one of the Mg 2+ ions will have only three water molecules in its coordination shell. Secondly, MgCl 2 lattices with an extra water molecule (interstitial) were generated, where the extra water molecule was (initially) not bonded to magnesium ions. In order to generate stable structures, the interactions between the inserted water molecule and its direct environment had to be gradually ramped up. This was implemented by starting from a "softsphere"-type interstitial in which the partial charges of the extra water molecule were switched off and the Lennard-Jones-parameters were reduced by 90%. In small runs of 10 ps at 300 K, first the LJ parameters and later the charges of the molecule were step-wise increased to their actual values. Finally, the structure was equilibrated using the full interaction potentials within a 1 ns run at 300K. Finally, Ca doped MgCl 2 structures were generated by replacing one Mg 2+ ion by a Ca 2+ ion.
For this, the relaxed MgCl 2 hydrate models as discussed earlier were used as starting points.
When selecting the Mg ion to be substituted by Ca, we discriminate against metal ions in immediate contact to and more remote from water interstitials/vacancies. This allows studying relaxation of combined defects at minimal bias from starting geometries. 
Results
Formation energies of single vacancies and interstitials in a MgCl 2 crystal.
As defects are crucial for mobility in crystals, first the formation energies of water vacancies and interstitials defects are studied. All defects were created "manually" (see methods section), spontaneous formation of interstitial/vacancy pairs was never observed in our molecular dynamics runs.
Figure 1 Average potential energy for forming of a single defect in the tetrahydrate (open symbols) and the hexahydrate crystals (solid symbols). Three types of defects are shown: isolated vacancies (blue triangles), interstitials (red circles) and vacancy-interstitial pairs (black squares). The errors bars refer to the standard errors.
The potential energy change for the formation of a vacancy-interstitial pair within otherwise single-crystalline models is quite significant, approximately 200 and 150 kJ/mol, in the hexaand tetrahydrate respectively. This explains the low concentration of spontaneously formed defects in the temperature window of 300 -400 K, where the hexahydrate transfers to tetrahydrate. Consequently, also water diffusion (that is long-range displacement in random A typical feature of the hexahydrate is that in the b-direction of the lattice every magnesiumion is separated by parallelogram-like structures of four Clions. According to Figure 2B , the center of these parallelogram-type structures seem to be the preferential sites for interstitial water molecules in the hexahydrate. On the other hand, In the tetrahydrate lattice tubes of Clions are presented that are aligned with the c-vector of the lattice. These tubes are stacks of parallelogram-like structures of 4 Clions. Figure 2A shows that in the tetrahydrate the interstitial water molecule preferentially occupies the space between two subsequent Clparallelograms.
To summarize, spontaneous formation of vacancy/interstitial pairs is unlikely as energy for vacancy formation is high due to the high amount of energy stored in the Mg-water interaction. Insertion of interstitial water is more favourable than vacancy formation and the interstitials preferentially locate in between the chloride-ions in the lattice. The latter is a consequence of the Coulomb repulsion between these ions and reflects the driving force for hydration in case of MgCl 2 . estimate of the transition state to vacancy hopping reflects two adjacent vacancies with one interstitial in-between. This is however drastically disfavoured by the high energy needed for vacancy formation.
Crystals containing an interstitial water molecule were analysed in two ways. As in the case of the perfect crystal and the vacancy-containing crystal, the number of water molecules not present at their original Mg-hosts was monitored. Further, the trajectory of the interstitial water molecule was logged. Interestingly, in presence of an interstitial it was observed that water molecules were able to hop between neighbouring Mg-ions, contrary to what was observed in perfect crystal lattices and lattices containing vacancies. Given the fact that vacancy formation is unfavourable, it is intuitive to expect interstitial migration to occur via temporary over-coordination of an Mg 2+ ion, followed by squeeze out of any of the 4+1 or 6+1 water molecules of the tetra-or hexahydrate, respectively. Indeed, our simulations showed that none of the water molecules hopped more than once within the 10 ns scales of our molecular dynamics runs.
To elucidate the precise mechanism of hopping, we first focus on the interstitial trajectory in more detail. For this, we defined "the" interstitial water molecule in a dynamical manner for every time step by identifying the water molecules not being a member of the coordination sphere of any Mg 2+ ion. As a distance delimiter, a water molecule was considered to be interstitial when the minimal Mg-O distance exceeded 3 Å (typical distances in the coordination shell of an Mg 2+ -ion are 2.2 -2.5 Å at the simulated temperatures). Below we subsequently discuss the motion of an interstitial in a tetrahydrate and a hexahydrate crystal. Based on the interstitial trajectory MSD (Mean Square Displacement) curves have been generated. In Figure 3 the MSD curves of the interstitial are plotted for a temperature of 500 K. Both total displacement and displacements � �⃗ 2 � along the main lattice vectors ( �⃗ = ⃗, � ⃗ and ⃗ ) are shown. The MSD values increase linear in time indicating that the interstitial water molecule undergoes a normal diffusive motion. The diffusion process in the tetrahydrate is anisotropic and the preferred direction of motion is parallel to ⃗-vector of the lattice.
Interstitial diffusion in a tetrahydrate crystal
For temperatures ranging from 450 to 550 K the MSD curves have been constructed and diffusion coefficients were calculated from the linear part of these curves. From the linear part of the curves diffusion coefficients have been calculated by using
for 3D diffusion and 
Figure 4
The temperature dependency of the diffusion coefficients of an interstitial water molecule in a tetrahydrate crystal. The data points represent the total diffusion coefficient (black) and diffusion coefficients along the lattice vectors � �⃗ (red), � �⃗ (blue), �⃗ (green). The lines represent the fits with the Arrhenius expression.
To understand this anisotropy the 80 ns long trajectory at 450 K has been analysed in terms of hops and waiting times. A threshold of 2 Å has been used to separate local vibrations from 
The crystal lattice itself is only shown for the moment that the interstitial has joined the coordination sphere of a Mg 2+ , visible by the fact that this ion is coordinated by 5 water molecules.
A typical jump is along the c-axis illustrated in Figure 6 ; a 2ps trajectory is visualized.
Initially the interstitial water molecule resides in the neighbourhood of 4 chloride ions, see discussion of Figure 2 . The interstitial water molecule intrudes into the coordination sphere of the Mg 2+ ion that is the easiest to access by the interstitial. At the same moment another water molecule is pushed out of the coordination sphere as a 7-fold coordination is energetically unfavourable. The newly formed interstitial water moves the closest site of four chloride ions.
Due to the geometry of the lattice the sites can hardly be reached via motions along the a-axis.
Where water mobility in the coordination sphere was already predicted by MD calculations on perfect single crystals 15 , here it facilitates the long distance motion of the interstitial water molecule. 
Interstitial diffusion in a hexahydrate crystal
In this section the diffusion of an interstitial water molecule in a hexahydrate crystal will be analysed in detail. Diffusion constants will be calculated and hopping mechanisms will be discussed in detail. First, we will discuss in detail our analysis for the case of interstitial Before discussing the Arrhenius fits, first the origin of the anisotropy in the motion will be discussed. As in the case of the MSD curves, the diffusion coefficients nicely demonstrate the anisotropy in the Brownian motion of the interstitial water molecule. The diffusivity along the b-axis, �⃗ , is much higher than the diffusivities in the other lattice directions. Especially the motion along the c-axis seems to be slow: at 450 K �⃗ : �⃗ : ⃗ ≈ 2: 4: 1.
To understand this anisotropy the 63 ns long trajectory at 450 K has been analysed as an alternating sequence of hops and waiting times. To distinguish a hop from a local vibration a threshold of 4 Å has been used. For every single jump the hopping distances in the a-, b-and c-directions of a crystal have been calculated. The probability distributions of the hopping distances along the lattice directions are shown in Figure 9 . This figure reveals two important features. First, there is a preference for long jump along the b-axis. Secondly, the preferred jump distance along the b-axis is rather large (approximately 7-8 Å) and close to the unit cell length in the b-direction is 7.23 Å 20,21 . To understand these large jumps of the interstitial water molecule, a 2 ps trajectory of such a hop has been visualized in Figure 10 . Initially the interstitial water molecule resides between 4 chloride ions, see discussion of Figure 2 . At a certain moment the interstitial manages to intrude into the coordination sphere of the Mg 2+ that is located below the original interstitial location along the b-axis. At the same moment the water molecule on the opposite side of the ion is pushed out of the coordination sphere as a 7-fold coordination is energetically unfavourable. The newly formed interstitial water moves to the parallelogram-like structure of four chloride ions just below its original host ion (along the b-axis). That there is a strong preference for hops in the b-direction follows from the structure of the unit cell. In the bdirection the preferential sites for interstitial water molecules are more easily accessible.
Figure 10
Visualization of the hop of a water molecule in the b-direction of a hexahydrate crystal. The trajectory of the oxygen atom of an interstitial water molecule during a time interval of 2 ps is shown. To visualize time the color of the interstitial changes from red to white and later to blue. The blue octahedrons and green spheres respectively represent the Mg 2+ -ions coordinated by water and Cl --ions. The crystal lattice itself is only shown for the moment that the interstitial has joined the coordination sphere of a Mg 2+ , visible by the fact that this ion is coordinated by 7 water molecules. Finally, the Arrhenius analysis deserves attention. The fitted values for all diffusion curves resulted in values for the activation energy E a between 41 and 43 kJ/mol. The similarity in values suggest that there is a single energy barrier determining the rate of the diffusion process. To illustrate this the diffusion coefficients have been normalized on their value at 450 K, see Figure 8 (right). Based on the hopping mechanism discussed, illustrated in Figure 10 , we suggest that this activation energy is connected with the energy barrier for increasing the coordination of the Mg-ion form 6 to 7.
3.3. The impact of a calcium ion as a substitutional defect
Vacancies
In both hydrates studied, we found that the formation of vacancy/interstitial pair defects critically depends on the incorporation of the vacancies. In terms of energy, the formation of interstitials calls for about 50 kJ/mol in the hexahydrate, and appears even free of costs in the temperature of 500 K and 1atm pressure. The energies for vacancy formation nearby (in the hydration shell) and far away from the Ca 2+ ion, see Table 1 . Indeed, we find the energy of vacancy formation reduced by 60 and 24 kJ/mol in the hexa-and the tetrahydrate, respectively. coordination: 5 water molecules and 2 Cl ions. This association process is illustrated by a color ramp from white to green.
A closer look at the underlying mechanisms showed that the combined Mg ↔ Ca /water vacancy defect quickly relaxes by increasing the overall coordination of the Ca dopant. While at the start of the simulation runs the Ca coordination shell was reduced to only 5 (3 water and 2 Cl), in the tetrahydrate the coordination of the Ca ion is re-established to 6 by abstraction of a water molecule from the coordination shell of a neighbouring Mg ion (Figure 11 ). In the hexahydrate the Ca coordination evolves in a different manner. In total, the coordination of the calcium dopant increases from 5 to 7, see Figure 11B , as Ca associates with two The observed disfavouring of Ca under-coordination (at least in its immediate coordination shell) calls for a closer look at Mg ↔ Ca substitutional defects in general. We hence reconsidered our models in absence of water vacancies or interstitials and explored the nature of Ca incorporation as stand-alone defects, see Figure 12 . In the absence of water vacancy or interstitial, the Ca coordination within the tetrahydrate lattice is similar to the coordination of the Mg ions. However, in case of the hexahydrate the Ca dopant associates with a neighbouring chloride. In other terms, the total coordination number of the Ca ions in the tetrahydrate is 6 (4 water and 2 Cl), whereas we find 7 (6 water and 1 Cl) in the hexahydrate.
This trend, i.e. the re-establishing of these coordination numbers, seems to be the driving force for the beforehand discussed relaxation upon vacancy incorporation.
Interstitials
As discussed before, only interstitial water molecules show long range mobility within pure Table 1 . Indeed, we find that the energy of interstitial formation reduced by 3 and 52 kJ/mol in the hexa-and the tetrahydrate, respectively . 
Conclusions
While previous molecular dynamics simulations could not identify long range water migration in MgCl 2 tetrahydrate and hexahydrate crystals 15 , in the present work the influence of defects on water diffusion is demonstrated.
Indeed, the lack of spontaneous water vacancy-interstitial pair defect formation is in line with the predicted high energy costs of 150 and 200 kJ/mol for the tetrahydrate and hexahydrate, respectively. The major contribution to this is the abstraction of a water molecule from the Mg-coordination shell, which is also reflected by the slow exchange of water between the hydration shell of Mg-ions and the surrounding solution 16 . On the other hand, water insertion is related to comparably low energy costs, as the interstitial water molecules seems to stabilize unfavourable Cl-Cl interactions in the crystals.
While water vacancies are pinned in both the tetra-and hexahydrate models, we find water interstitials to account for long range water migration. The corresponding diffusion constants are in line with the experiment, though we caution that idealized models of perfect single crystals do not reflect the polycrystalline nature of the real material. Apart from grain boundaries, boosting water migration could also be obtained from dopant defects. Along this line, we studied the role of Mg ↔ Ca substitutional defects which resulted in an ambivalent picture. While vacancy formation is somewhat facilitated by Ca dopants, such substituting of Mg ions was also found to provoke interstitial association. This pinning of the mobile species of water defects entirely disqualifies Ca doping as a means of promoting the hydration/dehydration kinetics of MgCl 2 hydrates.
